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Abstract 
Producing biodiesel using waste cooking oil is a substantial instrument for solving the intense problems caused by energy crisis 
and environment pollutions. This paper focuses on the design of the biodiesel supply chain using waste cooking oil as feedstock 
in China and establishes a mixed integer linear programming model for both economic and environmental optimization. The 
model considers a three level network including waster cooking oil production points, distribution centers and factories. And four 
aspects of decisions are made: (1) the number of distribution centers and factories to locate; (2) the locations of the distribution 
centers and factories; (3) the allocations of the waste cooking oil among supply chain members; (4) the decisions of factories’ 
technology choice. Finally, the model is applied to a real network in Nanjing and the genetic algorithm is developed to solve this 
problem. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organising committee of the 9th International Conference on City Logistics. 
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1. Introduction 
China has become the world’s largest producer of energy-related carbon dioxide since 2007, and the emissions 
are estimated to be still increasing until 2030. In 2012, fossil oils sector accounts for 35.3% of carbon dioxide 
emissions worldwide, and ranked the second largest sector (IEA, 2014). Transportation sector is known as the most 
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rapidly growing sector (Yan and Crookes, 2009), which has consumed nearly one-third fossil oils in China and 
emitted one-quarter carbon dioxide worldwide in recent years. Therefore, alternative fuels for transportation is 
widely studied for energy and environmental concerns (Stella et al., 2012), of which biodiesel is one kind of the 
most promising energy in this regard (Iddrisu and Zhang, 2012). 
Biodiesel is a nonpetroleum-based fuel defined as fatty acid methyl or ethylesters derived from vegetable oil or 
animal fats (Felizardo et al., 2006), whose physical properties is very similar to conventional diesel (Kahraman, 
2008). It can either entirely or partially substitute the diesel oil used in automotive engines in trucks, tractors and 
cars as well as stationary machines, such as power and heat generators (Juliana et al., 2011). Besides that, biodiesel 
has other advantages in fossil fuel substitution, such as (i) decrease in air pollution emissions; (ii) no increase in the 
CO2 content in the air compared to fossil fuels; (iii) efficient resource and/or waste utilization; and (iv) decrease in 
the volume of imported fossil fuels (Ampaitepin et al., 2010).  
Unfortunately, biodiesel is uncompetitive in price for high costs (Zlatica et al., 2008) as well as immature 
technology. It’s estimated that feedstock cost takes up about 75%-80% of the total cost in biodiesel production, thus 
low-cost feedstock, such as Waste Cooking Oil (WCO), is gaining attentions (Man et al., 2010). WCO can be 
divided into three categories, including the oil extracted from floating fatty in sewer or leftovers, the oil extracted 
from low-quality pork or pig offal as well as the oil that fried foods exceed the required time and reused (Wu, 2008). 
China has produced considerable WCO annually (about 4-8 million tons), and half of them can be collected (Fu et al., 
2005). 
However, WCO is scattered in production points (restaurants, hotels, households etc.), and its collection problem 
may be an important bottleneck that limits its development. A professional recycling logistics system of WCO, 
especially the design for door-to-door collection service and recycling facilities, may help to solve this problem 
(Zhang et al., 2012). Thus the supply chain optimization is essential and meaningful for WCO to biodiesel industry, 
and it’s the focus of this paper. 
2. Literature review 
In recent years, WCO has proved to be a promising biodiesel feedstock for both economic and environmental 
considerations. L.Talens et al., (2010) adopted life cycle assessment and an exegetic life cycle assessment to assess 
the environmental impact and the energy input to WCO-to-biodiesel system for producing 1 ton of biodiesel, and 
Javier et al., (2012) concluded biodiesel from WCOs potentially entailed the most favorable environmental 
performance.  
WCOs-to-biodiesel industry has been widely discussed in different counties/regions (China, the USA, Taiwan 
etc.). Sai et al., (2013) estimated the WCOs-to-biodiesel production in China, and concluded its greenhouse gas 
mitigation potential and fossil-based diesel substitution would be up to nearly one quarter and one half, respectively. 
Similarly, Claudia et al., (2013) evaluated the WCOs-to-biodiesel production in Mexico, and the results showed that 
the potential of biodiesel from WCO could represent 1.5-3.3% of petro-diesel consumption for the road transport 
sector and reduce 0.51-1.02 Mt of CO2. Tsai et al., (2007) analyzed the energy utilization from WCO for the diesel 
production in Taiwan. Those studies consistently implied that producing biodiesel from WCO helped to substitute a 
considerable proportion of fossil-based fuels. 
Besides that, some scholars found WCO was more suitable when the producing scale is not so large. Loreto et al., 
(2012) compared the two biodiesel production systems (centralized and decentralization production), and found that 
centralized production was more suitable in small territories, while decentralization was more advisable as the 
territory increased in area. Adam et al., (2013) simulated biodiesel production from soybean oil or WCO, and found 
that the soybean oil based process is not economical at such small scales, whereas the waste oil case has an internal 
rate of return of 80%.  
Although numerous studies had examined the environmental and economic feasible of WCO-to-biodiesel 
industry, this industry still faced a huge challenge in China. Zhang et al., (2012) designed a structured questionnaire 
to survey 246 restaurant enterprises in Nanjing and analyzed the status, obstacles and recommendations for WCO of 
restaurants as biodiesel feedstock in China from supply chain’ perspectives. Zhang et al., (2012) analyzed the policy 
documents of WCO in China for two dimensions (basic policy tools and enterprises supply chain), and suggested 
market-oriented initiatives should be enhanced for WCO-to biodiesel production. 
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Despite of the policy obstacles, the WCO collection problem may be an important bottleneck. Zhang et al., 
(2014a) reviewed the recycling modes in China, the US and Japan, and categorized them into third party take-back 
and the biodiesel enterprise take-back. Zhang et al., (2014b) explored how to improve the WCO recovery rate in 
China, and the results showed subsidies for biofuel enterprises as well as expanding the market size may have 
significance impacts. To overcome these difficulties, Tânia et al., (2013) formulated a mixed integer linear model to 
design WCOs collection system where capacity and duration constraints are taken into account. 
However, no studies have concentrated on the whole SC design to our knowledge. As the biodiesel SC was 
different from the ordinary biofuel SC, a special design on it is necessary. This paper focused on the WCO-to-
biodiesel SC design and established a mixed integer linear program for both economic and environmental 
optimization. 
3. Methods 
3.1. Assumptions and notions 
This paper considers a three-level network including WCO supply points, distribution centers (DCs) and biodiesel 
plants (Fig. 1). WCO is firstly collected from WCO production points (households, restaurants, hotels, agro-food 
industry etc.) and then taken to the distribution centers for pre-treatment. After that, it’s delivered to plants for 
transesterification and biodiesel production. The produced biodiesel is finally delivered to the demand areas (gas 
stations, other industry factories etc.). 
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Fig. 1. Biodiesel supply chain network (AP: after pretreatment) 
The problem can be formulated as follows. Given the following inputs: 
x Locations of WCO supply points and their production; 
x Parameters of DC or factory candidates (location, capital cost, maximum capacity and storage rate); 
x Transportation costs among candidate nodes; 
x Parameters of candidate technologies for DCs or factories (production rate, financial cost and environmental 
cost); 
x Parameters of markets (WCO price, biodiesel price, carbon dioxide price etc.). 
The decisions including: 
x Number of DCs and factories to locate; 
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x Locations of the DCs and factories; 
x Allocations of the WCO among WCO production points, DCs and factories; 
x Decisions of the factories’ technology choice. 
For ease of presentation, the following notations are introduced initially: 
Sets: 
I: Set of feedstock supply point i; 
K: Set of DC candidate k; 
J: Set of factory candidate j; 
T: Set of factories’ technology candidate t; 
 
Parameters: 
cik: Transportation cost of WCO from supply point i to DC candidate k (RMB/t·km) ; 
ckj: Transportation cost of WCO (after pre-treatment) from DC candidate k to factory candidate j (RMB/t·km); 
Hk: Capital cost to build DC at candidate k (RMB); 
Hj: Capital cost to build factory at candidate j (RMB); 
Hk=j: Capital cost saving to build DC k and factory j at the same candidate site (RMB); 
T: The depreciation period (year); 
shk: Storage rate of DC k for WCO (after pre-treatment) per unit (RMB/t); 
sfj: Storage rate of factory j for biodiesel per unit (RMB/t); 
Di: Amount of feedstock supplied by WCO production point i (t);  
Ak: Storage capacity of DC candidate k (t);  
Aj: Production capacity of factory candidate k, which is denoted by pre-treated WCOs (t);  
revenue: Income of the whole biodiesel SC for selling biodiesel (RMB); 
cost: Total cost of the whole biodiesel SC (RMB); 
bioprodction: Production of WCO in the biodiesel SC (t);  
biofuel: Market price of WCO (RMB/t); 
PEj: Amount of the allowable GHG emissions factory j purchases (kg CO2 equiv.);  
SEj: Amount of the allowable GHG emissions factory j sells (kg CO2 equiv.);  
MaxE: Maximum allowable GHG emissions for dealing with per WCO (kg CO2 equiv./t); 
TG: GHG emitted from production and utilization of the same amount of fossil fuel (kg CO2 equiv.);  
GHGr: Reduced proportion of GHG emissions for using biodiesel compared with fossil fuels; 
MPE: Market price of GHG emissions per unit (RMB/kg CO2 equiv.); 
BPC: Purchase price of WCO feedstock per unit (RMB/t); 
FTCt: Investment for facilities to adopt technology t for biodiesel production (RMB); 
Emt: GHG emissions for producing biodiesel for using technology t (kg CO2 equiv./t); 
BPRt: Pre-treatment cost of WCO per unit using technology t (RMB/t); 
BPt: Production cost of biodiesel per unit using technology t (RMB/t); 
BWt: Recycling price of the waste per unit after production using technology t (RMB/t); 
φ: Proportion of the remaining WCO after pre-treatment;  
θ: Conversion rate of biodiesel from pre-treated WCO;  
 
Decision variables: 
Zk: equals 1 if there is a DC built at candidate location k, and 0 otherwise; 
Zj: equals 1 if there is a factory built at candidate location j, and 0 otherwise; 
Yik: equals 1 if there is a link built between feedstock supply point i and DC candidate k, and 0 otherwise; 
Ykj: equals 1 if there is a link built between DC candidate k and factory j, and 0 otherwise; 
Ejt: equals 1 if technology t is adopted by factory j, and 0 otherwise; 
Xik: Amount of WCO feedstock transported from feedstock supply point i to DC candidate k; 
Xkj: Amount of WCO (after pretreatment) transported from DC candidate k  to factory candidates j; 
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3.2. Mathematical formulation 
The paper proposes a mixed integer linear programming model to design the biodiesel SC for economic and 
environmental optimization. This paper adopts the SC profit as economic object, which is defined as the SC income 
minus its cost. Equations (2) calculates SC revenue by biodiesel price multiplied its production, and Equations (3) 
defines the whole SC cost including WCO purchasing cost, capital cost to build DCs and factories, transportation 
cost, storage cost, technology adopting cost as well as biodiesel producing cost. 
As for the environment objective, this paper considers an emission allowances trading scheme situation by 
referring to Sara et al., (2011). Herein, purchasing or selling carbon dioxide emissions is allowed, and equation (4) 
defines the environmental object as price emission multiplied by its trading amount. 
Equations (5)-(6) are biodiesel plants’ carbon emission constrains. Constrain (5) ensures the total equivalent CO2 
emission occurring in the SC must be equal to maximum allowable carbon emissions plus the extra credits bought to 
emit, and minus the sold credits. It’s necessary to note that the left of constrain (11) is no more than the right in the 
paper of Sara et al., (2011). While this paper assumes the plants can purchase or sell emission allowances at any time, 
so they can decide the most suitable quantity of emission allowances to trade, and it equals to the excess or 
inadequate quantity.  
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Equations (7)-(15) are the logistic constrains. Equation (7) and equation (8) constrain the WCO transported to 
each DC/factory should be no more than its capacity. Equation (9) defines that all the available WCO should be 
collected by DCs. Equation (10) ensured the mass balance of all the DCs for each DC.  
Besides that, the decision variables Zk, Zj, Yik, Ykj, Ejt are not independent. Constrain (11) ensures that the 
transportation between WCO supply points and DC candidates should exist only when the DCs are built. Similarly, 
constrain (12) and constrain (13) ensure that the transportations between DC candidates and biodiesel plant 
candidates should exist only when the DCs and plants are built. Constrain (14) ensure that only the plant is built did 
the technology for producing biodiesel can be chose. Constrain (15) define that each plant can choose one kind of 
technology. Constrain (16) and (17) implies the nonnegative and integer parameters. 
3.3. Solution method 
The solution method is as follows and shown in Fig. 2.  
Step 1: Initializations 
1.1 Establish an empty master list of all the WCO production points, DC candidates, plant candidates and 
technology candidates.  
1.2 Establish an empty master list of all the transportation lines.  
1.3 Establish an empty master list of the class of connecting WCO supply points and DC candidates, the class of 
connecting DC candidates and plant candidates. 
Step 2: Data input 
The data to input includes locations of WCO production points and its production, parameters of DC or factory 
candidates, transportation costs among candidate nodes, parameters of candidate technology as well as parameters of 
market. 
Step 3: Calculate the costs of all the transportation lines among the WCO supply points, DC candidates and plant 
candidates. 
Step 4: For all the WCO supply points, sort all the transportation lines that collect WCO by their costs.  
Step 5: Network allocation 
5.1 The production to allocate is equals to the minimum of the capacity of DCs, plants and WCO supply points. 
5.2 The left capacity of DCs and plants equals to the prior capacity minus the production allocated. 
5.3 The left production of the WCO supply points equals to the prior production minus the production allocated.  
5.4 Record the transportation flows among the WCO production points, plants and DCs. 
5.5 For all the transportation lines, allocate the production of the WCO supply points by cost.  
5.6 For all the WCO supply points, repeat step 5. 
Step 6: Choose the technologies of plants/DCs for economic and environmental optimization. 
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Step 7: Generate the combinations of plants and DCs by the genetic algorithm (selection, hybridization and 
mutation), and then repeat step 5 and step 6 for all the combinations. 
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Fig. 2. Solution method 
4. Case study 
4.1. Case description 
Location and production of WCO supply centres 
Fig. 3 shows the geographical distribution of Nanjing. This paper categorized Nanjing into 7 districts, and the 
district A-G represents “LiuHe”, “PuKou”, “City subdivision and YuHua”, “QiXia”, “JiangNing”, “LiShui” and 
“GaoChun”, respectively. And then, all the WCO is assumed to be transported from the centers of these regions for 
simplifying distance calculation (the black docks 1-7 in Fig. 3). 
In 2010, the citizens of Nanjing have consumed 8.8 kg vegetable oil per capita (Statistical Yearbook of Nanjing, 
2011), and WCO is estimated to account for about 20%-30% of edible oil’s consumption in China (Yue et al., 2010). 
This paper adopts the vegetable oil consumption to substitute edible oil and chooses 30% as the percentage of WCO 
generate from edible oil. Therefore, the WCO production is calculated by equation (18). 
    30%WCO production Population oil consumption per capital u u          (18) 
The results show that the WCO produced by region A-E is 2344, 1492, 7038, 1133, 2471, 1090 and 1127 tons, 
accounts for a total production of 16695 tons (Statistical Yearbook of Nanjing, 2011). 
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Fig. 3. Geographical distribution of Nanjing 
Candidate locations to locate DCs and factories  
This paper chooses 12 candidate locations to locate DCs and plants. As Fig. 3 shows, all the region centers (the 
black dots 1-7 in Fig. 3) and the midpoints between two region centers are considered (the yellow square dots 8-12 
in Fig. 3) as the candidate locations. Table 1 shows the capacities and the costs to build and operate the DCs and 
plants. 
Table 1. Capacities and capital costs to build DCs and factories at candidate locations 
Candidate 
locations 
DCs’ cost 
(1 million RMB) DCs’ capacity/ t  shk/RMB 
Factories’ cost 
(1 million RMB) 
Factories’ 
capacity/t 
sfj/ 
RMB 
1 0.7 12,000 6 7 17,000 6 
2 0.95 10,000 7 9.5 17,000 7 
3 1.5 8,000 15 15 17,000 15 
4 1 9,000 9.5 10 17,000 9.5 
5 0.9 11,000 7 9 17,000 7 
6 0.62 12,000 3.5 6.2 17,000 3.5 
7 0.5 13,000 2.5 5 17,000 2.5 
8 1.2 10,500 7.5 12 17,000 7.5 
9 0.8 8,500 8.5 8 17,000 8.5 
10 1.3 9,500 10 13 17,000 10 
11 1 10,000 8 10 17,000 8 
12 0.65 11,000 4 6.5 17,000 4 
 
Transportation costs 
Sabio et al., (2011) proposed equation (19)-(23) to calculate transportation rate. In equation (19), transportation 
rate includes the fuel costs (FC), labor costs (LC), maintenance costs (MC) and general costs (GC) (Sabio et al., 
2011). Fuel cost equals to distance (d) multiply fuel consumption rate (cf). Labor cost is a function of the driver 
wage (wage) and total delivery time. Maintenance cost is a function of the cost per unit of distance travelled (PM) 
and total distance driven. General cost is determined from the unit general expenses (PG) and number of 
transportation units (VN). To simplify the calculation, this paper calculates the transportation rate exclude equation 
(23).  
 
 c FC LC MC GC     (19) 
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 d FuelpriceFC
cf
u  (20) 
 2
( )
dLC wage resttime
speed
 u   (21) 
 MC PM d u  (22) 
 GC VN PG u  (23) 
 
The data for calculating transportation rate is shown as follows: the amount of fuel consumed is 3.58 L/t·km, the 
average speed of vehicles is 55 km/L, the average time for drivers to rest is 2 h per day and the average maintenance 
cost is 0.61 RMB/(t·km) (Sabio et al., 2011). Besides that, China’s fuel price is assumed to be 4.75 RMB/L, the 
labor wage set to be 5 L/(t·h) and the tonnage of vehicles is 15t. 
The transportation distances between each district can easily be estimated based on their geometric locations and 
the current transportation networks, details of which are omitted due to space limits. The transportation costs 
between each district calculated by the above equations are shown in Table 2. 
Table 2. Transportation cost rate 
WCO production points/ 
DCs or Factories 
1 2 3 4 5 6 7 8 9 10 11 12 
1 0 6 7 5 8 15 20 8 3 7 7 11 
2 6 0 4 9 6 13 18 2 9 5 5 10 
3 7 4 0 3 3 11 17 2 6 2 2 7 
4 5 9 3 0 4 11 16 5 3 2 5 7 
5 8 6 3 4 0 8 14 5 7 5 2 4 
6 15 13 11 11 8 0 7 11 12 13 10 4 
7 20 18 17 16 14 7 0 16 18 18 16 11 
8 8 2 2 5 5 11 16 0 7 4 4 7 
9 3 9 6 3 7 12 18 7 0 4 7 8 
10 7 5 2 2 5 13 18 4 4 0 3 9 
11 7 5 2 5 2 10 16 4 7 3 0 6 
12 11 10 7 7 4 4 11 7 8 9 6 0 
 
Parameters of the candidate technologies 
The methods to convert WCO to biodiesel include direct mixing method, micro-emulsification method, high 
temperature pyrolysis method and transesterification method (Yun et al., 2011). Different technologies have 
different parameters. This paper considers two kinds of technologies. Table 3 shows the parameters of candidate 
technologies. 
Table 3. Parameters of candidate technologies 
Parameters φ θ FTCt/RMB BPRt/RMB  BPt/RMB BWt/RMB Emt/t 
Technology 1 70 90 3h106 500 1000 100 0.3 
Technology 2 70 95 5h106 500 800 100 0.2 
 
Other parameters 
Some parameters of model are shown as follows: the capital cost saving to build DC and factory at the same sites 
Hk=j is 1h105 RMB ; the reduced proportion of carbon emissions for using bio-fuels compared with fossil fuels 
GHGr is 35% (Sara et al., 2011); the purchase price of WCO is 5500 RMB/t and the market price of carbon 
emissions is 160 RMB/(kg CO2 equiv.) (Sara et al., 2011).  
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4.2. Results and discussion 
It’s necessary to note that the paper’s purpose of using genetic algorithm is to improve the application scope of 
the model. Though the case in the paper is not large, the design of biodiesel supply chain could be extended to lager 
area (such as Jiangsu Province, China) or a more complex network, and then the problem may be difficult to solve 
with the optimal algorithm. However, the genetic algorithm can get a reasonable result within an acceptable time.  
The model is solved by Microsoft visual C++ 6.0 software on a HP laptop with a 2.0GHz Pentium-R processor 
and 1280 MB RAM. The times of genetic algorithm to run and the population in each generation is set to 10000 and 
12, respectively. The Fig. 4 described the results. The results show: 
(1) The maximum of the object functions is 6.14×107; 
(2) Locating two DCs and one factory; 
(3) The DCs to locate are region 6 and 7, while the plant to locate is region 7; 
(4) The technology for factory to adopt is technology 2; 
(5) All the feedstock of WCO production points 1,2,3,4 are transported to DC 7, while all the feedstock of WCO 
supply points 6,7; are transported to DC 6. As for supply point 5, 993t is transported to DC 7 and the rest are 
transported to DC 6. 
 
 
Fig. 4. Results of the case study 
The sensitivity analysis on the trade-off between economic and environmental object 
To explore the trade-off between economic and environmental objectives, this paper set the market price of 
carbon emissions (MPE) to be 75, 100, 125, 150, 175, 200 and 225 RMB, respectively. Then, the values of economic 
objective are calculated and shown in Fig. 5. Fig. 5 shows that the value of economic objective decrease in a liner 
function, when the carbon emissions’ market price increasing (which means the importance of environmental object 
are gaining more attentions). 
948   Yunjian Jiang and Yong Zhang /  Transportation Research Procedia  12 ( 2016 )  938 – 949 
 
Fig. 5. Trade-off between economic and environmental objectives 
5. Conclusions 
This paper considered a three-level network including feedstock WCO supply points, DCs and plants, and then a 
mixed integer linear programing model is established to locate DCs and plants, transportation plans and technology 
choice for economic and environmental optimization. Finally the model is applied to Nanjing.  
However, several limitations in the model should be noted. Firstly, the model considered a three-level network 
without final demander who is a key part in the WCO to biodiesel SC. Secondly, the location of DCs and factories is 
a strategic decision involving a long period, so the parameters should vary with the time (such as development of 
technologies, increase of WCO productions…). But this paper use constant parameters to optimize the biodiesel SC. 
Finally, the biodiesel SC always have numerous uncertainties (such as price and productions of WCO, transportation, 
storage, policy, production of biodiesel…). However, this paper didn’t consider the uncertainties of the parameters. 
Therefore, a more complex SC, multi-period and uncertainties should be deeply studied in the future work. 
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